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Current engineering practice for a component such as a jet engine 
disk almost always involves a serial approach. The disk is first 
designed for maximum performance (e.g., minimum weight). The design is 
then sent to the manufacturing department which defines appropriate 
production approaches and may request some redesign to facilitate 
manufacturing. Finally, product support considerations such as 
inspectability and repair receive attention, but by now it is often too 
late to impact the design. This, of course, is an overstatement but is 
not too far from the truth for most components. The emergence of 
computational plenty offers opportunities to change the present practice 
towards a concurrent approach which has been called Unified Life Cycle 
Engineering (ULCE). [1] 
A significant development of the past decade has been in Computer 
Aided Design (CAD): the ability to use computers not only for drafting 
but rapidly and effectively to analyze the performance of many design 
options. This application is illustrated by the finite eleMent analysis 
representation in Fig la. Progresc in this "performance" domain has 
been rapid and is continuing. Similarily, significant progress, 
although at an earlier stage of development, is being made in the 
"manufacturing" domain. Computational plenty is perMitting the 
development of adequate solutions for previously intractable mathemati-
cal problems of describing the unit operations or unit processe~ of 
manufacturing. Such Computer Ajded Manufacturing (CAM) is illustrated 
by the si.mulation of metal flow during forging in Fig lb [2]. SimHar 
models are being developed for the combination of unit operations i.nto 
manufacturing centers, and even for an entire factory. Under the rubric 
of supportability, we include a broad range of topics such as inspecta-
bility, reliability, repairability, maintainability, availabHity of 
replacements, etc. These deal with i.n-service use and aspects of 
customer satisfaction other than simp]e performance or cost of manufac-
turi.ng. Modeling in this "supportabiHty'' domain is 5n its infancy but 
its potential is indicated by early work which allows the prediction of 
the probability of detection (POD) of flaws such as those shown in Fig 
1c. The POD i.s a function of the specifics of the disk geometry as well 
as the size, position, and orientation of the flaw as in Fig 2 [3], and 
such modeling which permits evaluation of im:pectability as a function 
of design details and inspection parameters is one example of Computer 
Ajded Support (CAS). Given tools such as these, th.e designer can 
consider performance, manufacturing and supportabllity essentially 
concurrently rather than serially. A large number of design options 
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Figure 1. Representations by finite element analysis. a) performance 
(CAD), h) manufacture (CAM), c) support ability (CAS) 
could then be rapidly and accurately evaluated from many points of view. 
For example, the geometry of the disk might be changed sacrificing some 
weight savi.ngs to increase inspectability or to reduce the cost of 
manufacturing, or a higher cost combination of forging and machining 
might be tolerated to increase reliability in difficult-to-inspect 
regions. The goal of considering the "ilities" effectively during 
initial design can, at least, be approached. 
The example given here is deliberately simplified to i.llustrate the 
concept. Analytical models may not be available or appropriate. The 
input information may be in the form of qualitative models such as the 
computer generated mockup in Fig 3 which simulates repairability, or 
graphical or tabular data as in Fig 4, or various forms of symbolic data 
such as lists of "do's and don'ts", or experience represented in expert 
systems as illustrated in Fig 5. Also, questions about overlap or which 
topic belongs in which domain (such as the discussion of life prediction 
given later) do not invalidate the general concept. 
The potential for ULCE is real. To create this new paradigm of 
engineering practice will require extensive research, development and 
application against a broad range of technical challenges. A strategy 
of concurrent interacting efforts from quite fundamental research to 
attempts to apply a ULCE approach to realistic situations (windows [4]) 
is recommended. The latter will provide specific problems and vectoring 
to the former, and increasingly demonstrate what can be put into use. A 
growing body of knowledge and an knowledgeable engineering community 
must be dev~loped to consider the following. Hhat can we do now, within 
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Figure 2. Predicted relationship between crack POD and component 
geometric features. 
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Figure 3. Simulation for repairability. 
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the current technology base, and does it provide sufficient increased 
benefit to put it into use? What can't we do; where is short range (2 
to 5 yr) development needed? Where should longer range, more 
fundamental, efforts be initiated? 
Although there now appear to be no insurmountable technical 
barriers, and some aspects of ULCE are being or may be implemented in 
the near future and increasingly during the next decade, the longer 
range research and development challenges are not insignificant. Let us 
suggest some of these, not in a tutorial mode, but to stimulate 
thinking. 
The supportability domain must receive much increased attention. 
Field service experience such as "lessons learned" or "do's and don'ts", 
as illustrated for corrosion in Fig 6 [5] may suffer from variability or 
even inadequacy in methods of collecting and screening input. How can 
such information be most effectively collected, organized and brought to 
the attention of a designer at his terminal? Is there a more efficient 
and effective way than merely displaying a page on a computer screen? 
How difficult will it be to extend models such as the analytic one for 
ultrasonic inspectability of a metal part, or the one based on computer 
graphics for accessibility, to more complex materials or assemblies? 
Deterministic life prediction functions for specific hardware 
components or subsystems, if they can be developed, can be extremely 
valuable tools. They will be of the form: 
~efinable characteristics measurable characteristic(0s Life=A·f f the service conditions , of the state of the hardware 
nd environment 
where A is a constant related to design details. Definition of such 
functions for structural components has provided the basis for damage 
tolerant design and for rational maintenance strategies such as 
e DON'T USE: 2024, 7079, 7178, OR 7075-T6> 0.12B INCHES THICK 
PH STEELS AT 900 H (OR LESS) 
19-9 DL OR 431 STEELS 
400 SERIES STAINLESS IN 150 TO 180 KSI RANGE. 
e DO USE: SHOT PEENING PRIOR TO CHROME PLATING 
CHEMICAL OR MECHANICAL MILLING ON ALL Ti SURFACES 
PROTECTIVE METALLIC COATINGS ON STEELS. 
e LIMITATIONS: MAXIMUM METAL REMOVAL WITHOUT STRESS RELIEF 
USE OF CADMIUM AND SILVER PLATING 
MAGNESIUM, CASTINGS, ETC. 
Figure 6. Example of support domain - corrosion resistance in metals. 
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Retirement for Cause. In the latter, nondestructive inspection of 
hardware, together with service stresses, provide the input to the life 
prediction function from which the decision to retire or to continue to 
use a specific piece of hardware (e.g., a specific turbine disk) can be 
made. Can such functions be defined for electronic equipment, and are 
they generalizable enough for practical use? For what applications is A 
adequately constant, and (by empiricism or a-priori reasoning) do we 
understand its relationship to design details well enough to permit 
trade-off comparison of different designs? 
The problems of integrating the wide range of information 
potentially available from the different domains will be unprecedented 
in character. How, for example, can we handle widely different types of 
data such as the mechanical property data in Fig 7 [6], the formability 
data in Fig 4 or in Fig 8 and the symbolic data in Fig 6 (as well as the 
footnotes in Fig 7). What approaches can we use to permit real time 
interaction with a designer, the ULCE ideal envisioned in Fig 9? 
Perhaps the development of "executlve expert systems" or "engineer's 
associates" which can be presented with a design assignment the night 
before, interpret the problems, locate available information, download 
it, and translate it to a language and format useable at the engineer's 
work station the next day will be an effective approach. What 
optimization approaches will be effective in limiting the search space 
of trade-off possibilities or simulations to be considered? How might 
our approaches differ as we proceed from preliminary or conceptual 
design to final detailed design? 
The ULCE concept suggests many areas where advances in 
nondestructive evaluation (NDE) technology will be useful. Methods 
appropriate for the life prediction functions mentioned above, 
i.n-service methods to lTarn of impending failure, and on-line sensing 
methods for process control in the manufacturing domain are examples. 
He will not deal with thesP further here; each could warrant a separate 
paper. We would like to focus attention on another area, tl1e ability to 
model/analyze/predict inspectability, particularly as a function of the 
design of components and assemblies. Again, our purpose is to stimulate 
thinking about both science base and technology development activity 
which might yield useful tools for ULCE. 
Let us consider the example of ultrasonic POD modeling [7]. This 
particular technology is well suited as a "test bed for the ULCE concept 
because it is rather highly developPd, can be couched in analytical 
terms, and would have a fairly straightforward application to engine or 
structural components. The model which must simulate the situation 
shown in Fig 10 encompasses the generation of an ultrasonic beam by a 
transducer having specific characteristics, the propagation of this 
beam, its distortion as the beam passes through liquid-solid interfaces 
defined by the geometry of the component, scattering from flaws of 
arbitrary size, position and orientation within the solid, and finally 
propagation of ultrasonic rays back through the interface and their 
reception by the transducer. The signal is then compared to an 
intrinsic noise level and a probability of detection of the defect is 
calculated. The capabilities of such a model for a component made froCI 
an isotropic metal were shown in Fig 2. Here, the POD is calculated as 
a function of the radius of curvature of a fillet in an engine disk-like 
geometry. To what extent can we expect such models to be attainable -
for what geometries, "flaws", materials and inspection methods? Will 
techniques such as flttorescent penetrant inspection or simple visual 
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Figure 10. NDE reliability by design. 
inspection be amenable to the development of a-priori analytical models. 
If not, how can we trade off inspe·ctability against performance? \;'e 
shall consider this further below. 
For some techniques not all facets of the inspection may yield to 
a model-based analysis. In this category we would find traditional 
methods applied to complicated materials. An example might be 
ultrasonic inspectir·n of composites, where the details of wave 
propagation in quasi-isotropic lay-ups are not now well understood in 
general. [8] How might we combine our limited ability to model with 
other sources of information? Are there similar circumstances for eddy 
current inspection, such as in coping with the effects of rough or dirty 
surfaces? Again v:e shall return to this class of problems later. 
So far, our discussion has reviewed analytical modeling 
capabilities and some possible limits. In a broader engineering sense, 
however, the r.~athernatical model itself is only the first step in the 
realization of an interactive, concurrent N~E information tool for the 
designer. An overall framevmrk is suggested in Fig 11. 
Let us first consider the ultrasonic POD function itself as 
summarized in Fig 12. Without appealing to the mathematical details of 
the model, but concerning ourselves only 'I'Ti th the functional 
dependences, we see that the POD is a function of three groups of 
variables. The Xi's refer to the desi.gr• parameters, i.e. , the local 
geometry at the test site and the material characteristics. These are 
under the control of the designer. The second group, the Yi's, are 
associated with the flaw to be detected. These parameters include the 
type, critical size, location, and ori.entation. This input to the model 
must come from fracture mechanics or experience, given the material, 
part geometry, and expected stress environment. Finally, we have the 
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Figure 11. Stages in the realization of model-based ULCE (inspection). 
Zi's or inspection parameters. Potentially, this group comprises a very 
long list, some of whose elements are listed in Fig 12. 
The inspection variables are not of much interest to designers --
with the following crucial stipulation. Before we entertain thoughts of 
modifying our design to accommodate enhanced inspectability, we want to 
be very certain that the POD calculated for our hypothetical component 
has been estimated on the basis of the optimal choice of the inspection 
parameters. The POD function is dependent on both inspection variables 
and geometry variables, as illustrated in Fig~ If the prediction of 
inspectability is based on a less than ideal set of inspection 
parameters, the resulting low value of POD could mistakenly be 
interpreted as a consequence of an uninspectable component design, 
leading to ill-founded attecpts to modify the design. Therefore, the 
inspection configuration must be either optimal or irrelevant. Since 
the latter is seldom found in practice, we would need to strive for 
optimization. Might we even have situations where the POD functions for 
two different methods lead to the result that thdr respective POD's 
have opposite slopes within a certain range of some geometry variable? 
To cope with these problems, a rapid automated optimization algorithm 
might be developed to indicate the best values of the inspection 
parameters to use for one inspection method. Can we expect these to be 
rapid enough, especially if several methods must be evaluated and 
compared? Will we have to use some rule-based guidance as well as 
analytic modeling? Finally, given the ab:'-lity to select the "best" 
method for the situation at hand, and to evaluate POD for it as a 
function of design or manufacturing details, we •rill be faced with the 
problem of integrating this POD information with performance, 
manufacturing and other "ility" models to explore the important trade-
offs, but this .is the subject for another discussion. 
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Figure 13. Optimal inspectionn configuration is critical. 
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Figure 12. Optimization of POD function. 
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Our example using ultrasonics focused on analytical modeling of 
POD, explored what its limits might be and by inference where research 
is needed, and tried to identify some next steps towards its 
implementation as a UJ,CE tool. The procedure will be more general than 
this one specific case. By analogy, it should be possible to extend 
this methodology (and all the questions still apply) to the case of an 
inspectability estimate based on any technique description which can be 
reduced to mathematical language. 
But, as we asked above, what about those techniques or applications 
where analytical modeling may not entirely succeed? For these, a 
different approach will be necessary. Can POD still be predicted in the 
absence of a deterministic model, or perhaps more to the point, in the 
absence of a complete deterministic model? What options are open to us? 
Considering the keynote topic of this meeting, we might suggest 
artificial intelligence as a means to "guess" [9] our way to an answer 
we cannot calculate. This approach presupposes that while no 
mathematical description of an inspection process is available, we will 
know a great deal about it. That knowledge would then be codified into 
a system of rules, provisos, and caveats which, in the best case, leads 
us to an estimation of the POD. Can a purely heuristic model yield the 
desired quantitative results? Is a quantitative estimate of POD 
essential to the ULCE doctrine? Certainly, one could imagine a 
rule-based model that simply tells us not to inspect in the particular 
way chosen, e.g., "don't use the transducer at very high angles of 
incidence to the entry surface, where total reflection occurs". Much 
more sophisticated information and predictive capabilities may be 
possible using such an approach, but are there limitations? 
l~e have had some experience at performing inspections without the 
benefit of a complete understanding of the signal-producing mechanisms. 
Some years ago the Air Force funded a project to study the analysis of 
eddy current indications using adaptive learning. [10] Although 
inconclusive, the results of that program suggested that it can be 
perilous to abandon physical understanding in favor of a prescription 
derived solely on the basis of previous experience. At a minimum, such 
an approach must be limited to the analysis of si.tuations falling 
strictly within the range of experience upon which the heuristic model 
is based. We may expect such a procedure to interpolate with reasonable 
accuracy, but is it fair to ask it to extrapolate to conditions or 
circumstances which fall outside its data base? In that case an 
heuristic approach may be severely limited, since aircraft design often 
involves new geometries, materials, configurations, or stress 
environments. These new elements may lie beyond the information upon 
which the model was developed. 
Another potential difficulty in the application of artificial 
intelligence schemes j_s the question of the accuracy of the model's 
predictions. To find the best configuration for an inspection, it may 
be sufficient to seek an estimate of inspection reliability which is 
only roughly accurate. Such an estimate may still lead to a much 
better inspection setup than an inspector might use from intuition or 
experience, but how do we use such imprecise estimates with many 
unknowns for the trade-offs envisioned in the ULCE approach? It would 
seem that some knowledge, if used effectively, is better than none, but 
we hope to stimulate some thinking on this subject as well as on others 
that must receive attention at this early stage in the evolution of a 
ULCE approach to design. 
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The benefits of the concurrent approach embodied in ULCE seem 
clear. They include reduced life cycle costs and increased customer 
satisfaction, and the ability to meet changing conditions with rapid and 
effective design, production and operational modifications. It is as 
applicable to consumer products as it is to large infrastructure 
projects or military hardware or systems. In our opinion, it is not a 
question of whether it will be developed and used, it is only a question 
of when. 
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